Introduction {#sec1}
============

Largely unfolded polypeptides emerging from the ribosome after translation need to properly fold into native three-dimensional structures to perform their physiological functions.^[@ref1],[@ref2]^ The folding of the proteome within a cell is assisted by the protein homeostasis (proteostasis) network, comprising macromolecular chaperones and co-chaperones, chaperonins and co-chaperonins, protein degradation machinery and their cellular regulators, as well as other components.^[@ref3],[@ref4]^ Stresses, such as heat, transiently impair cellular proteostasis capacity through global proteome misfolding and/or aggregation-mediated binding of proteostasis network components, which consumes proteostasis network capacity. A sustained imbalance of proteostasis network capacity can lead to diseases such as neurodegenerative disorders, cardiomyopathy, and cancers.^[@ref5]−[@ref9]^ Pharmacologic manipulation of proteostasis network capacity is emerging as a therapeutic strategy to ameliorate these diseases.^[@ref4],[@ref10]−[@ref20]^

Developing probes to sense the dynamics of cellular proteostasis network capacity in real time within cells is highly desirable, but challenging. Pioneering reports^[@ref21],[@ref22]^ demonstrate that thermo-labile firefly luciferase mutants can be used as protein client-based sensors to report on the dynamics of cellular proteostasis network capacity. Since proper folding of luciferase mutants (the client) requires sufficient proteostasis network assistance, the solubility of luciferase has been used to quantitatively reflect cellular proteostasis network capacity. Solubility changes upon stress can be directly visualized by imaging the spatio-temporal features of luciferase aggregation in live cells.

This approach requires fusion of a fluorescent protein to the luciferase mutant to visualize its aggregation. Furthermore, global inhibition of protein translation is necessary to avoid contributions from the newly synthesized luciferase--fluorescent protein fusion. A complementary approach would be to use a fluorescence turn-on (fluorogenic)^[@ref23]−[@ref26]^ chemical probe that rapidly binds to and reacts with the folded and functional fraction of a metastable client protein, rendering the conjugate fluorescent.^[@ref27]^ Such chemical regulation to turn on the fluorescence signal from the properly folded fraction of the metastable client protein at any desired time point also enables pulse-chase-type experiments to study proteostasis network capacity in real time.^[@ref28]−[@ref30]^

Herein, we introduce a mutant of the *de novo*-designed retroaldolase (RA) enzyme^[@ref27],[@ref31]^ (29 kDa, [Figure [1](#fig1){ref-type="fig"}a](#fig1){ref-type="fig"}) as a thermo-labile client protein. RA is bioorthogonal because it has an enzyme function not shared by any endogenous cellular enzymes, thus its enzymatic activity or lack thereof is not expected to perturb cellular functions.^[@ref32],[@ref33]^ The RA mutant, RAm1 (E10K:D120V:N124S:L225P),^[@ref27]^ is thermo-labile; i.e., it exhibits a loss of function owing to thermal stress (heating).

![A cellular metastable client protein acts as a proteostasis network capacity sensor. (a) Under physiological conditions, a thermo-labile *de novo* designed retroaldolase (RA) will be largely folded and functional in the absence of stress, but upon heating, will form aggregates that consume proteostasis network capacity. (b) Folded and functional RA is labeled by a fluorogenic small-molecule probe, rendering the covalent conjugate fluorescent. Conjugate fluorescence is retained upon aggregation due to the covalent modification and the chromophore utilized. (c) The preformed RAm1-**P1** conjugate can undergo misfolding and aggregation into a granular state upon application of a stress, serving as a sensor of cellular proteostasis network capacity.](ja-2015-04366a_0001){#fig1}

We designed a small-molecule fluorogenic probe **P1** ([Figures [1](#fig1){ref-type="fig"}b](#fig1){ref-type="fig"} and [2c](#fig2){ref-type="fig"}) that binds to and reacts with the folded and functional RA/RAm1 fraction selectively, rapidly rendering the conjugate fluorescent and thus reporting quantitatively on the concentration of folded and functional RA/RAm1. Two types of experiments are possible using the thermo-labile RAm1 client protein in combination with the fluorogenic probe **P1**.

In the first experimental scenario, a stress is applied before the changes in the folding and function of the thermo-labile RAm1 are probed by **P1**---the amount of the RA-**P1** conjugate formed reports on the alteration of cellular proteostasis network capacity upon stress via the amount of conjugate fluorescence observed when compared to non-stressed control cells. In this scenario, one has to be mindful that probe binding and reaction with RAm1 could change the folded fraction via a pharmacologic chaperoning mechanism.^[@ref27]^ In the second experimental paradigm employed predominantly in this paper, **P1** is applied to cells for a pulse labeling period, allowing for formation of the RAm1-**P1** conjugate. Unreacted **P1** is then washed away from the cell media before a stress is applied, and then the fate of the RAm1-**P1** conjugate can be monitored in a pulse-chase-type experiment. In this scenario, direct visualization of thermal stress in live cells is achieved by imaging the misfolding and aggregation of the preformed RAm1-**P1** conjugate vs maintenance of the RAm1-**P1** folded and functional state via continuous RAm1-**P1** re-folding ([Figure [1](#fig1){ref-type="fig"}c](#fig1){ref-type="fig"}). The aggregated RAm1-**P1** conjugate, appearing as puncta, remains fluorescent. No fluorescent protein fusion to RA or global inhibition of translation is required for these experiments. Post-stress cellular re-folding of the RAm1-**P1** conjugate was generally observed during a recovery period. We also demonstrate the slow, time-dependent cellular degradation of the RAm1-**P1** conjugate in the absence of or in the presence of stress in these scenario 2 pulse-chase-type experiments. The bipartite thermo-labile RAm1 client protein-**P1** fluorogenic probe developed herein appears to be a practical chemical-biological sensor to further explore the impact of various cellular stresses on cellular proteostasis network capacity in real time.

Results and Discussion {#sec2}
======================

Structure-Based Design of a Fluorogenic Probe for a Metastable Retroaldolase {#sec2.1}
----------------------------------------------------------------------------

Multiple strategies have been explored to fashion a small molecule that is selective enough to make only one folded protein fluorescent after binding and reacting with it.^[@ref25],[@ref30],[@ref34]−[@ref38]^ We took advantage of the TIM-barrel structure of RA with its catalytic p*K*~a~-perturbed Lys-210 residue buried inside its relatively hydrophobic active site to design a fluorogenic probe^[@ref35],[@ref37]−[@ref39]^ that binds and rapidly reacts with only the folded and functional fraction of RA. Environmentally sensitive push--pull fluorophores, featuring an electron-donating group (EDG) and an electron-withdrawing group (EWG) attached to an aromatic chromophore ([Figure [2](#fig2){ref-type="fig"}a](#fig2){ref-type="fig"}), usually are dark in buffer, but fluoresce upon binding to a hydrophobic pocket. In our design strategy, a functional group is attached to the environmentally sensitive fluorophore that keeps the chromophore dark until it reacts with the protein-of-interest.^[@ref40],[@ref41]^

![Structure-based design of a fluorogenic probe for folded and functional RA. (a) Schematic of a push--pull environmentally sensitive fluorophore. EWG = electron-withdrawing group. EDG = electron-donating group. (b) Structure of the retroaldol substrate **S1** utilized by the *de novo* designed RA enzyme.^[@ref29]^ RA catalyzes a retroaldol reaction using the p*K*~a~-perturbed lysine-210 ε-amine side chain that forms a Schiff base with **S1**. (c) **P1** is a push--pull environmentally sensitive fluorophore featuring a reactive vinyl ketone (in red) that also serves as an EWG. The dimethyl amino group (in green) serves as an EDG. **P1** covalently modifies the p*K*~a~-perturbed lysine-210 residue of RA through 1,4-conjugate addition, rendering the RA-**P1** covalent conjugate fluorescent.](ja-2015-04366a_0002){#fig2}

We proposed a Lys-210 side chain chemoselective fluorogenic probe for RA based on the chemical structure of RA's retroaldol substrate **S1** ([Figure [2](#fig2){ref-type="fig"}b](#fig2){ref-type="fig"}). We retained the naphthalene ring ([Figure [2](#fig2){ref-type="fig"}c](#fig2){ref-type="fig"}, substructure in blue) responsible for binding selectivity, but converted the β-hydroxy ketone substructure into an electron-withdrawing vinyl ketone ([Figure [2](#fig2){ref-type="fig"}c](#fig2){ref-type="fig"}, substructure in red), a Michael acceptor that was envisioned to be reactive toward the p*K*~a~-perturbed Lys-210 residue of RA. The alkene substructure typically undergoes photoisomerization after the attached chromophore is excited, keeping the chromophore dark until it reacts with RA, eliminating this non-emissive relaxation pathway.^[@ref36]^ Further, we substituted the methoxy group in **S1** with a dimethyl amino group ([Figure [2](#fig2){ref-type="fig"}c](#fig2){ref-type="fig"}, substructure in green), which is a stronger electron-donating group and one that is compatible with longer wavelength fluorescence.^[@ref42]^ Thus, we envisioned the probe **P1** ([Figure [2](#fig2){ref-type="fig"}c](#fig2){ref-type="fig"}), a push--pull-type fluorophore that should covalently modify the p*K*~a~-perturbed Lys-210 side chain of folded and enzymatically active RA, rendering the RA-**P1** conjugate fluorescent. Surprisingly, a literature search revealed that **P1**, an irreversible inhibitor of RA, was commercially available and is named acrylodan, an environmentally sensitive fluorophore that becomes fluorescent upon slowly reacting with cysteine thiols.^[@ref43]^

P1 Is a Chemoselective Fluorogenic Probe for Folded and Functional RA {#sec2.2}
---------------------------------------------------------------------

To determine whether **P1** is capable of chemoselectively modifying folded and functional RA, we incubated **P1** with RA and RA harboring a K210A mutation in buffer, and monitored the covalent modification efficiency by liquid chromatography electrospray ionization mass spectrometry (LC-ESI-MS, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). We found that **P1** (50 μM) completely labeled RA (5 μM) at 25 °C within 5 min. The conjugate mass was observed at 29 847 Da (apo-RA, 29 623 Da; **P1**, 225 Da). In contrast, folded K210A RA was not modified by **P1**, providing strong evidence that **P1** chemoselectively modifies the p*K*~a~-perturbed Lys-210 side chain. The excess amount of **P1** (50 μM) resulted in no additional RA modification.

![**P1** labels the active site Lys-210 ε-amino group of RA chemoselectively. **P1** (50 μM) completely labeled RA (5 μM) within 5 min at 25 °C, as shown by LC-ESI-MS. The conjugate mass was observed at 29 847 Da (apo-RA, 29 623 Da; **P1**, 225 Da) (top panels). Mutation of the active site Lys-210 residue to alanine eliminated the covalent labeling of RA by **P1**. The unmodified RA K210A mutant mass was observed at 29 564 Da (bottom panels).](ja-2015-04366a_0003){#fig3}

We next explored the fluorogenicity of **P1** after reacting with RA. **P1** (5 μM) exhibited fluorescence only after binding and reacting with RA (5 μM), whereas **P1** alone was dark in buffer ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Moreover, **P1** was only very weakly fluorescent when it bound to the K210A RA mutant, indicating that the binding of **P1** to the RA binding pocket does not contribute significantly to the emergence of the fluorescence. The quantum yields of **P1** and the RA-**P1** conjugate in buffer were measured respectively as 0 and 0.17, using quinine sulfate as the reference. Importantly, we observed nearly identical conjugate fluorescence resulting from the reaction between **P1** and the thermo-labile mutant RAm1 ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)). The conjugate fluorescence seems to arise from the covalent reduction of the double bond of **P1** by way of the attack of the p*K*~a~-perturbed Lys-210 primary amine side chain of RA and RAm1, eliminating double bond isomerization as a fluorescence quenching mechanism.^[@ref36]^

![**P1** is fluorogenic upon binding and reacting with RA to form a covalent conjugate. **P1** (5 μM) was incubated with RA (5 μM) or the K210A RA mutant (5 μM) for 24 h in buffer at 25 °C resulting in complete covalent modification of RA, but not the K210A mutant which forms a non-covalent K210A RA·**P1** complex. **P1** (5 μM) is dark in buffer and is only very weakly fluorescent when bound to the K210A RA mutant. In contrast, **P1** is strongly fluorescent upon forming a covalent conjugate with RA. Excitation and emission spectra were recorded using an Aviv fluorescence spectrometer. Samples in the inset were photographed under illumination with a hand-held UV lamp.](ja-2015-04366a_0004){#fig4}

We further scrutinized the origin of **P1**'s fluorogenicity using a kinetic analysis. **P1** binding and reaction with RA can be modeled as a two-step process: pre-equilibrium binding followed by a covalent chemical labeling step ([Figure [5](#fig5){ref-type="fig"}a](#fig5){ref-type="fig"}). To examine whether the reversible binding step and/or the irreversible covalent conjugation step is responsible for the observed fluorescence, we recorded and compared the kinetics of covalent conjugation and fluorescence emergence after mixing RA (5 μM) and **P1** (50 μM) at 25 °C. The covalent conjugation time course ([Figure [5](#fig5){ref-type="fig"}b](#fig5){ref-type="fig"}, red filled circles) was derived from the quantitation of the relative peak intensities of RA-**P1** conjugate formation by LC-ESI-MS ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)). The kinetics of fluorescence emergence was generated by recording the fluorescence increase as a function of time using a stopped-flow fluorometer ([Figure [5](#fig5){ref-type="fig"}b](#fig5){ref-type="fig"}, black curve). The overlap of these two kinetic curves indicates that the fluorogenicity originates from covalent conjugation, consistent with the lack of fluorescence of the K210A RA-**P1** complex ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Therefore, the emergence of significant fluorescence requires a chemical reaction between **P1** and RA.

Characterizing the kinetics of P1 binding and reaction with RA and its selectivity in cells {#sec2.3}
-------------------------------------------------------------------------------------------

A goal of this study is to utilize the fluorogenic probe **P1** inside cells to label folded and functional RA and to visualize what happens to RA-**P1** conjugate fluorescence after imposing a thermal stress (a scenario 2 experiment). To realize this goal, the fluorogenic probe has to exhibit fast reaction kinetics and optimal RA binding selectivity. We first measured the bimolecular binding kinetics of **P1** to RA *in vitro* ([Figure [5](#fig5){ref-type="fig"}c](#fig5){ref-type="fig"}, ex. λ = 390 nm, em. λ = 485 nm). We mixed RA (5 μM) with increasing concentrations of **P1** (in excess; see concentrations listed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c) and recorded individual kinetic curves by monitoring the formation of the fluorescent conjugate ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). At the selected concentrations of **P1** (25--100 μM), the RA-**P1** conjugation reaction is rate limited by RA·**P1** association and the observed rates of emergence of conjugate fluorescence report on the rate of RA·**P1** complex formation ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). Therefore, the slope of the initial linear portion of the plot shown as the inset in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c is equal to the bimolecular association rate constant. This rate constant (*k*~bimolecular~) can be calculated as 3000 M^--1^·s^--1^ (for details see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)), comparable to the fluorogenic probe used for labeling the SNAP-tag^[@ref44]^ (7900 M^--1^·s^--1^).

![The folded and functional RA-**P1** conjugate is fluorescent. (a) RA and **P1** conjugation is modeled to proceed by two steps: **P1** first binds reversibly to RA. Then the RA1·**P1** complex undergoes a reaction to form the fluorescent conjugate. (b) RA (5 μM) was incubated with **P1** (50 μM) at 25 °C. The fraction of covalent modification by LC-ESI-MS (red filled circles) correlates with the emergence of fluorescence (black curve) measured by stopped-flow fluorometry using an excitation wavelength of 390 nm and emission wavelength of 485 nm. The extent of covalent modification (second step; red filled circles) was monitored by taking samples from the reaction mixture at the indicated time points, quenching the reaction by acidification with hydrochloric acid, and measuring the relative peak intensity by LC-ESI-MS. (c) Measurement of the bimolecular association rate constant between RA (5 μM) and **P1** by stopped-flow fluorometry as a function of the concentration of **P1** (indicated).](ja-2015-04366a_0005){#fig5}

To examine the selectivity of **P1** for labeling folded and functional RA inside the cell, we obtained concentrated cell lysates (total protein concentration, 3 mg/mL) by sonication of *E. coli* or HEK293T cells either lacking or overexpressing RA. We incubated the lysates with **P1** (10 μM) for 10 min at 25 °C. **P1** was capable of detecting the presence of RA only in the lysates of cells that were transformed/transfected with RA, and importantly no significant off-target bands were observed in the non-transformed/non-transfected controls ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Therefore, **P1** appears to be a fast, selective, fluorogenic probe for functional RA in cell lysates.

![Selectivity of **P1** in *E. coli* or HEK293T cell lysate lacking or overexpressing RA. Lysates (3 mg/mL) obtained by sonication were incubated with **P1** (10 μM) for 10 min at 25 °C. The samples were fractionated on an SDS-PAGE gel and visualized by either a Bio-Rad Gel Doc Imager employing UV illumination to see the conjugate fluorescence signal or bright field light to observe the Coomassie staining. No significant off-target bands were observed in lysates of cells lacking or expressing RA. FL = RA-**P1** conjugate-associated fluorescence, CB = Coomassie blue.](ja-2015-04366a_0006){#fig6}

RAm1 Is a Quantitative Thermal Stress Sensor, as Discerned by Monitoring Its Functionality and Solubility Changes {#sec2.4}
-----------------------------------------------------------------------------------------------------------------

The proper folding of proteins exhibiting compromised stability often requires proteostasis network assistance.^[@ref45]^ Proteostasis network assistance is also required to maintain them in their folded and functional state inside the cell (continuously re-fold them), especially when the cell is stressed. A rapid elevation of the temperature of cells frequently consumes proteostasis network capacity due to proteome denaturation and aggregation-based binding of chaperones, chaperonins and the like, leading to insufficient proteostasis network capacity to correctly fold or re-fold metastable proteins. Therefore, a destabilized mutant of RA could be a suitable client-based protein to sense the dynamics of proteostasis network capacity before and after application of a thermal stress. In previous studies, we utilized RAm1 (E10K:D120V:N124S:L225P) as a metastable protein to survey how the proteostasis network components regulate the partitioning of metastable proteins between functional and non-functional states.^[@ref27]^ However, whether the cellular functionality and solubility of RAm1 is sensitive to stresses, such as heat, has not been investigated.

Toward this end, we first examined whether the folding and function of RAm1 is dependent on temperature in *E. coli* lysate, utilizing a scenario 1 experiment. The soluble lysate was obtained by centrifugation of lysed *E. coli* K12 cells overexpressing RA or RAm1. Importantly upon cell lysis, ATP was depleted by apyrase treatment, which converts the cellular chaperones and chaperonins to strong holdases.^[@ref27]^ Therefore, **P1** cannot significantly shift the RA or RAm1 folding equilibria upon binding and conjugate formation because the holdase chaperones/chaperonins retain malfolded RA or RAm1 ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)).^[@ref27]^ We examined the functionality of RA or RAm1 in the soluble lysates incubated at 25 or 60 °C at the indicated time points ([Figure [7](#fig7){ref-type="fig"}a](#fig7){ref-type="fig"}, upper panel). The functionality of RA or RAm1 was examined by directly measuring the folded concentration of RA or RAm1 in the lysates using the fluorogenic folding probe **P1** in a scenario 1 experiment ([Figure [7](#fig7){ref-type="fig"}b,c](#fig7){ref-type="fig"}). Using the folding probe **P1** (100 μM, in excess), we observed that the concentration of folded and functional RA did not change upon heating the lysate from 25 to 60 °C, over a time course of 3 h ([Figure [7](#fig7){ref-type="fig"}b](#fig7){ref-type="fig"}, upper panel, see [Figure [7](#fig7){ref-type="fig"}c](#fig7){ref-type="fig"} for quantification, black curves), whereas there was a time dependent loss of folded and functional metastable RAm1 at 60 °C ([Figure [7](#fig7){ref-type="fig"}b](#fig7){ref-type="fig"}, lower panel, see [Figure [7](#fig7){ref-type="fig"}c](#fig7){ref-type="fig"} for quantification, open red circles). To validate these results, RA folding and function was scrutinized by quantifying the specific activity of RA or RAm1 using a functional assay. Similarly, we only observed a time dependent loss of function in the destabilized RAm1, but not in RA at 60 °C ([Figure [7](#fig7){ref-type="fig"}d](#fig7){ref-type="fig"}, open red circles). It is important to note that the total concentration of RA or RAm1 did not change over the time course of these studies, as shown by immunoblotting ([Figure [7](#fig7){ref-type="fig"}b](#fig7){ref-type="fig"}, right panels), indicating that the loss of function was not caused by RAm1 degradation (no ATP present in the lysates, which disables many bacterial proteases).

![Loss of function in an ATP-depleted cell lysate upon increasing the temperature to 60 °C occurs in the case of thermo-labile mutant RAm1, but not for RA. (a) Experimental scheme: *E. coli* lysates expressing RA or RAm1 and depleted of ATP were incubated at 25 or 60 °C. (b,c) At the indicated time points, the concentration of functional RA was measured in the lysate by adding an excess of folding probe **P1** (100 μM, 1 h incubation at 25 °C) and then the samples were subjected to SDS-PAGE (a scenario 1 experiment). Gels were directly visualized using a Bio-Rad Gel Doc Imager employing UV illumination to quantify the fluorescence of the conjugate. (d) Using another aliquot, the specific activity of RA and RAm1 were measured by the functional assay at the time points indicated (described in [Supporting Information, Experimental Section, part (3)](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)). Only the concentration of folded and functional RAm1 decreased upon application of a thermal stress, whereas RA was resistant to heat denaturation. FL = RA/RAm1-**P1** conjugate fluorescence, WB = Western immunoblot.](ja-2015-04366a_0007){#fig7}

We further tested whether RAm1 is thermo-labile in bacterial cells at 45 °C. For this purpose, we expressed RA or RAm1 in *E. coli* K12 cells at 30 °C at low levels for 30 min, to mimic endogenous protein expression (see [Supporting Information, Experimental Section](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf), for expression conditions). Half of the cells were then subjected to a 45 °C thermal stress for 10 min, while the remaining half was kept at 30 °C ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, top panel). After cell lysis and centrifugation, soluble and insoluble fractions were separated. The samples were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by immunoblotting. We observed that after heat shock for 10 min at 45 °C, the destabilized RAm1 partitioned into an insoluble fraction ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, fourth row, left panel), unlike the stable RA ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, second row, left panel).

![RAm1 is a sensor of proteostasis network capacity inside living *E. coli* cells using solubility as an indicator. After the application of a thermal stress that leads to proteome misfolding and aggregation, RAm1 partitioned into an insoluble state in living *E. coli* cells after 10 min of a heat stress at 45 °C, as revealed by centrifugation followed by an SDS-PAGE gel visualized by immunoblotting. S = soluble fraction, I = insoluble fraction, T = total protein. Trigger factor was used as a loading control.](ja-2015-04366a_0008){#fig8}

We next tested whether RAm1 was thermo-labile in mammalian cells at 42 °C employing a scenario 1 experiment. In this experiment, one culture dish of HEK293T cells expressing RAm1 was subjected to a 2 h, 42 °C heat stress prior to labeling with **P1** (10 min at 42 °C), whereas the other plate remained at 37 °C before being labeled with **P1** for 10 min ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)). Most of the folded and functional RAm1 is converted to a non-native conformation at 42 °C ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf), lower panel, middle lane), unlike the situation at 37 °C ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf), lower panel, left lane). Those cells heated to 42 °C for 2 h can make folded and functional RAm1 from newly synthesized RAm1 by simply reducing the growth temperature back to 37 °C for 4 h ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf), lower panel, right lane).

Direct Visualization of the Effect of Cellular Thermal Stress on Proteostasis Network Capacity in Live Cells {#sec2.5}
------------------------------------------------------------------------------------------------------------

The fluorogenicity and the selectivity of **P1** reacting with folded and functional RA and RAm1 provide a direct approach to monitor cellular proteostasis network capacity using a scenario 2 experiment, i.e., where the RAm1-**P1** conjugate is formed in the cell before a cellular stress is applied. The advantage of using a small-molecule-regulated thermo-labile client protein as a proteostasis network capacity sensor (e.g., RAm1) is the temporal control over the fluorescence signal emerging from the small molecule--protein sensor conjugate. In particular, we can directly visualize the misfolding and aggregation or continuous re-folding of RAm1 in live cells by first forming the RAm1-**P1** conjugate and then applying the stress to discern its effect on the proteostasis network capacity of the cell at any time point. Continuing RAm1 synthesis post conjugate formation is not problematic, as this does not contribute to RAm1-**P1** conjugate fluorescence. In the previous pioneering pulse-chase-type experiments, fusion of fluorescent proteins to luciferase is required to monitor the fate of the protein as a function of stress.^[@ref21],[@ref22]^ In this context, blocking proteome translation is necessary to get time dependent information in the absence of complications from new protein synthesis.

![The RAm1-**P1** fluorescent conjugate is a cellular client-based thermo-labile sensor of proteostasis network capacity in *E. coli*. (a) **P1** selectively binds to and reacts with RA in *E. coli* affording the RAm1-**P1** conjugate. Thus, only cells transformed with RA exhibit conjugate fluorescence in the confocal image. (b) The pre-formed RAm1-**P1** conjugate formed granular aggregate structures as observed by confocal fluorescence imaging (white arrows) after heating at 45 °C for 10 min, serving as a sensor of proteostasis network capacity insufficiency. (c) Transcriptional reprogramming of *E. coli* by over-expressing the σ^32^-I54N heat shock response transcription factor enhances the proteostasis network capacity of the cytosol, protecting the preformed RAm1-**P1** conjugate from aggregating upon application of thermal stress. This is reflected by the lack of granular structures in rightmost confocal image in comparison to the image on the left where aggregation is observed because cytosolic proteostasis network capacity was not preemptively enhanced. Sample preparation and imaging details are described in the [Supporting Information, Experimental Section](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf). NT = non-transformed. Images were taken using a Zeiss LSM710 confocal microscope.](ja-2015-04366a_0009){#fig9}

To demonstrate the feasibility of direct visualization of RA/RAm1-**P1** conjugate misfolding and aggregation as a consequence of thermal stress in live cells (a scenario 2 experiment), we first tested whether **P1** can selectively label RA in live *E. coli* K12 cells (for further details on cell culture and imaging conditions, see [Supporting Information, Experimental Section](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)). We treated both non-transformed and transformed cells with **P1** for 10 min, washed both cell cultures to rid the media of **P1**, and observed uniform RA fluorescence only in the transformed cells ([Figure [9](#fig9){ref-type="fig"}a](#fig9){ref-type="fig"}). We then examined how the fluorescent RAm1-**P1** conjugate behaved after a 10 min thermal stress at 45 °C, relative to keeping the cells at 30 °C. We observed granular structures across all cells heated to 45 °C for 10 min ([Figure [9](#fig9){ref-type="fig"}b](#fig9){ref-type="fig"}, right panel, white arrows) along with diffuse conjugate fluorescence, indicating incomplete aggregation. Strictly analogous results were observed in the *E. coli* DE3 Star strain ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)). These experiments also demonstrated that the RAm1-**P1** conjugate remained fluorescent after aggregating ([Figures [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, [S5, and S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)).

We further examined whether our preformed RAm1-**P1** client-based fluorescent proteome stress sensor responds to a proteostasis network capacity change afforded by transcriptionally reprograming the bacteria. We transcriptionally reprogrammed *E. coli* K12 cells by over-expressing the heat shock factor σ^32^-I54N to enhance the cytosolic proteostasis network capacity ([Figure [9](#fig9){ref-type="fig"}c](#fig9){ref-type="fig"}).^[@ref46]^ The I54N variant of σ^32^ was chosen because previous data shows that it is resistant to negative feedback regulation.^[@ref46],[@ref47]^ With enhanced cytosolic proteostasis network capacity mediated by σ^32^-I54N expression, the bacterial cells exhibited minimal granular aggregated RAm1-**P1** structures upon heating at 45 °C for 10 min ([Figure [9](#fig9){ref-type="fig"}c](#fig9){ref-type="fig"}, right panel), indicating that transcriptional reprogramming creates sufficient proteostasis network capacity to continuously re-fold RAm1-**P1** and protect it from aggregation, unlike the situation in the control cells at 45 °C wherein RAm1-**P1** predominantly aggregated ([Figure [9](#fig9){ref-type="fig"}c](#fig9){ref-type="fig"}, left panel). This experiment is distinct from the preceding experiments, because it shows that in spite of a thermal stress (known to misfold and aggregate the RAm1-**P1** conjugate), the increased cytosolic proteostasis network capacity keeps the RAm1 soluble and presumably properly folded.

We next explored whether we could extend this scenario 2 experimental approach to mammalian cells. Since protein expression tends to be significantly lower in mammalian cells relative to *E. coli*, we first had to demonstrate that **P1** is sensitive enough to selectively label RA/RAm1 in mammalian cells. Thus, we expressed RA in both HEK293T cells ([Figure [10](#fig10){ref-type="fig"}a](#fig10){ref-type="fig"}) and in HeLa cells ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)) and then treated the cells with **P1** (10 μM) for 10 min, followed by cell washing to remove excess **P1** (for more details see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)). Importantly, no off-target fluorescence was observed in the non-transfected HEK293T cells ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a, upper panel) or HeLa cells ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf), upper panel). Selective labeling of RA in isolated transfected cells was clear from the observed fluorescence ([Figures [10](#fig10){ref-type="fig"}a](#fig10){ref-type="fig"} and [S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf), lower panels). Importantly, we also observed unlabeled cells in the transfected cell cultures ([Figures [10](#fig10){ref-type="fig"}a](#fig10){ref-type="fig"} and [S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf), lower panels), due to incomplete transfection, which is typical. To further validate that the emergence of fluorescence originates from the covalent labeling of RA by **P1**, we transfected HEK293T cells with an RA--red fluorescent protein (RFP) fusion protein to monitor the co-localization of RA-**P1** conjugate fluorescence and RFP fluorescence at distinct wavelengths ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)). In the field shown, we only observed one transfected cell with both blue fluorescence emerging from **P1** labeling of RA and red fluorescence coming from the RA-RFP fusion protein ([Figure S8a](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)). The co-localization coefficient was 0.91 ([Figure S8b](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)), indicating that the fluorescence labeling by **P1** originates from selective modification of functional RA in the cells. We also examined the RAm1 labeling kinetics by **P1** (10 μM) under the mammalian cell conditions used in this study and observed saturated labeling after 10 min, indicating complete labeling of RAm1 on this time scale ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)).

We next examined whether RAm1, when used with fluorogenic probe **P1**, is a sensor of thermally induced loss of cellular proteostasis network capacity with regard to the RAm1 client protein. We tested this hypothesis by first imaging the fate of the pre-formed RAm1-**P1** conjugate in HEK293T cells (a scenario 2 experiment). We treated HEK293T cells with **P1** (50 μM) at 37 °C for 10 min, followed by washing the cells to rid the media of excess **P1** ([Figure [10](#fig10){ref-type="fig"}b](#fig10){ref-type="fig"}, flowchart). One sample of the cells was shifted to 42 °C for 2 h, while another population remained at 37 °C for 2 h ([Figure [10](#fig10){ref-type="fig"}b](#fig10){ref-type="fig"}, flowchart). We observed soluble and granular aggregate RAm1-**P1** conjugate structures at both growth temperatures ([Figure [10](#fig10){ref-type="fig"}b](#fig10){ref-type="fig"}, first and second rows). However, the granular structures were much more prominent at 42 °C ([Figure [10](#fig10){ref-type="fig"}b](#fig10){ref-type="fig"}, second row), presumably as a consequence of thermal proteome denaturation-associated consumption of proteostasis network capacity and a higher propensity for RAm1-**P1** conjugate to misfold and aggregate at the elevated temperature. This suggests that the proteostasis network capacity is not sufficient to maintain complete refolding of the RAm1-**P1** conjugate, especially at 42 °C. If the 42 °C cells were allowed to recover at 37 °C for an additional 4 h, the majority of the granular RAm1-**P1** conjugate aggregate structures were re-folded and re-solubilized or degraded ([Figure [10](#fig10){ref-type="fig"}b](#fig10){ref-type="fig"}, third row). To confirm the apparent clearance of RAm1-**P1** aggregates in HEK293T cells, as suggested by the imaging results in [Figure [10](#fig10){ref-type="fig"}b](#fig10){ref-type="fig"}, bottom row, we monitored the fate of the RAm1-**P1** fluorescent conjugate as a function of time by SDS-PAGE employing fluorescence detection ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)). We observed a decreasing amount of the RAm1-**P1** conjugate as a function of time that we attribute to continuous RAm1-**P1** conjugate proteolytic degradation. The presence of RAm1-**P1** conjugate degradation was observed even in the absence of thermal stress ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)); in fact, it appeared to be faster. Thus, it appears that both transcriptional heat shock response proteostasis network reprogramming (induced by a 2 h thermal stress) and partial degradation of the RAm1-**P1** conjugate re-establish sufficient cytosolic proteostasis network capacity over 4 h to re-fold the RAm1-**P1** conjugate, rendering it soluble and diffuse. In bacteria, we showed above that preemptive enhancement of the cytosolic proteostasis network capacity through transcriptional reprogramming (simulating the heat shock response without heating) protects the RAm1-**P1** conjugate from misfolding and aggregation even at 45 °C ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c, right panel), i.e., at a temperature where the RAm1-**P1** conjugate is inherently thermo-labile ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c, left panel). Considering all the data, it is clear that the thermo-lability of the fluorescent RAm1-**P1** conjugate provides a direct approach to visualize the cellular proteostasis network capacity through the distribution of fluorescence signals in a scenario 2 experiment, using confocal fluorescence imaging.

![The RAm1-**P1** fluorescent conjugate is a cellular client-based thermo-labile cellular proteostasis network capacity sensor in HEK293T cells. (a) **P1** selectively binds to and reacts with RA and exhibits fluorescence only in HEK293T cells transfected with RA, as discerned from the confocal fluorescence images. (b) The confocal fluorescence images show that the pre-formed RAm1-**P1** conjugate retained predominant solubility at 37 °C (first row), however aggregates predominated upon heating at 42 °C for 2 h (second row). Notably, reduction of the temperature from 42 °C to 37 °C for 4 h after thermal stress eliminates the RAm1-**P1** granular aggregate structures in the cell (third row), presumably as a consequence of the heat shock response transcriptional program-enabled re-folding of RAm1-**P1** and partial degradation of the RAm1-**P1** conjugate (see main text). NT = non-transfected; WT = wild-type. Images were taken using a Zeiss LSM710 confocal microscope.](ja-2015-04366a_0010){#fig10}

The RAm1-**P1** Conjugate Folding Sensor Reports on Alterations in Cellular Proteostasis Capacity Due to Other Stresses {#sec2.6}
-----------------------------------------------------------------------------------------------------------------------

We next asked whether other stresses, like the production of reactive oxygen species (ROS), could reduce the cellular proteostasis network capacity and thus lead to more extensive misfolding and aggregation of the preformed RAm1-**P1** conjugate in HEK293T cells. In this scenario 2 experiment, we triggered oxidative stress by treatment of HEK293T cells with *tert*-butyl hydrogen peroxide. Confocal fluorescent images show that the preformed RAm1-**P1** conjugate folding sensor was completely transformed to aggregates after ROS induction ([Figure S12a](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf), right panel), relative to a mixture of aggregated and properly folded RAm1-**P1** conjugate in the absence of stress ([Figure S12a](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf), left panel). We hypothesize that ROS production (confirmed by the CellROX Green Reagent, which becomes fluorescent upon ROS-mediated oxidation; [Figure S12b](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)) compromises protein homeostasis in the cell by causing proteome misfolding, consuming the proteostasis network capacity that is required for the continuous re-folding of RAm1. Thus, the RAm1-**P1** conjugate folding sensor should be useful for reporting on other stresses that compromise cellular proteostasis network capacity.

Conclusions {#sec3}
===========

In summary, we have demonstrated how we utilized the thermo-labile *de novo* designed RAm1 enzyme in combination with its complementary fluorogenic folding probe **P1** to form the RAm1-**P1** conjugate fluorescent folding sensor to monitor the cellular proteostasis network capacity after thermal stress in a scenario 2 pulse-chase-like experiment. The time-resolved nature of these experiments ([Figures [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} and [10](#fig10){ref-type="fig"}) enables the re-establishment of proteostasis to be studied without the need for translational inhibition, which can be problematic for long duration experiments as it constitutes an additional stress that can lead to cell death. The client-based cellular proteostasis network capacity sensor developed herein (RAm1-**P1** fluorescent conjugate) can be further explored to monitor the dynamics of proteostasis network capacity in response to other distinct stresses in real time in relevant live cells (such as oxidative stress, [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf)).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.5b04366](http://pubs.acs.org/doi/abs/10.1021/jacs.5b04366).Figures S1--S12 and experimental procedures ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04366/suppl_file/ja5b04366_si_001.pdf))

Supplementary Material
======================

###### 

ja5b04366_si_001.pdf

^∥^ For Y.L.T.: Bioprocessing Technology Institute, Agency for Science, Technology and Research (A\*STAR), 20 Biopolis Way, 06-01 Centros, 138668 Singapore.

^\#^ For X.Z.: Department of Chemistry and Department of Biochemistry & Molecular Biology, The Pennsylvania State University, University Park, PA 16802 United States.

^⊥^ Y.L. and X.Z. contributed equally.

The authors declare no competing financial interest.

This work was supported by the Skaggs Institute for Chemical Biology, by the Lita Annenberg Hazen Foundation, and by National Institutes of Health Grant AG046495 (to J.W.K.). Y.L.T. was supported by a predoctoral fellowship from the Agency of Science, Technology and Research (A\*STAR). X.Z. was a Howard Hughes Medical Institute Fellow of the Helen Hay Whitney Foundation, and is currently supported by the Burroughs Wellcome Fund Career Award at the Scientific Interface.
